This work demonstrates a lateral overtone bulk acoustic resonator (LOBAR), which consists of an aluminum nitride (AlN) transducer coupled to a suspended thin silicon carbide (SiC) film fabricated using standard CMOS-compatible processes. The LOBAR design allows for high transduction efficiency and quality factors, by decoupling the transduction and energy storage schemes in the resonator. The frequency and bandwidth of the resonator were lithographically defined and controlled. A LOBAR operating at 2.93GHz with a Q greater than 100,000 in air was fabricated and characterized, having the highest reported f×Q product of any acoustic resonator to date.
INTRODUCTION
Micromechanical resonators with ultra high quality factors (Q), small form factor, and reduced power consumption are desired for communication and sensing applications. Electrostatically transduced resonators have been demonstrated in the microwave regime with high quality factors making them attractive for on-chip signal processing and timing applications [1] . However, electrostatic resonators suffer from relatively low transduction efficiencies, making full integration with communication systems difficult. Piezoelectric micromechanical resonators have been demonstrated with high electromechanical coupling coefficients, making them ideal for on-chip micromechanical filter banks replacing surface acoustic wave (SAW) and Film Bulk Acoustic Resonator (FBAR) discrete components [2] . However, the piezoelectric materials at GHz frequencies generally suffer from lower quality factors that are limited to a few thousands. Polycrystalline cubic silicon carbide (SiC) has gained a lot of attention as a structural material for micromechanical resonators due to its high acoustic velocity and low material damping. Silicon carbide, due to its mechanical strength and chemical inertness, is a desirable material in a wide range of applications from high temperature microelectronics to micromechanical oscillators and harsh environment sensors [3] [4] [5] [6] [7] .
The lateral overtone bulk acoustic resonator (LOBAR) combines the benefit of piezoelectric transduction, while storing many wavelength of the acoustic energy in a low loss structural material. A unique feature of this resonator is the ability to efficiently couple acoustic energy from Aluminum Nitride (AlN) piezoelectric transducers into the low loss SiC layer to increase the overall f×Q product at microwave frequencies. Composite piezoelectric-onsubstrate resonators allow for high electromechanical coupling coefficient, while resulting in higher quality factors [8] [9] . High-overtone bulk acoustic resonators (HBAR) have previously been demonstrated with very high f×Q products for ultra-low noise oscillator applications and microwave frequency sources [10] [11] . However, the frequency and quality factor of HBAR is defined by the substrate thickness such that achieving multiple frequencies on a single-chip is difficult. In contrast, the lateral overtone bulk acoustic resonator allows for lithographic definition of the resonator frequency and quality factor, making it ideal for on-chip filter banks, spectrum analyzers, low noise oscillators, and ultra sensitive resonant sensors. The thin film SiC resonators in this work are micromachined using CMOS-compatible processes. This paper describes the design, modeling, fabrication, and characterization of a SiC LOBAR at 2.93 GHz with a quality factor exceeding 100,000 in air.
RESONATOR DESIGN
The lateral overtone bulk acoustic resonator (LOBAR) consists of a suspended SiC plate with an AlN piezoelectric transducer on top (Fig.1) . The resonant structure is anchored in the middle at both sides, also used for drive and sense signal routing. In the LOBAR design in Fig. 1 , although the thin AlN layer acts as the transducer, the acoustic wave mainly propagates laterally in the SiC thin film allowing for high quality factors at microwave frequencies. The quality factor in micromechanical resonators depends on different energy loss mechanisms such as intrinsic material losses, anchor losses, thermoelastic damping, air damping, and surface related losses. With proper design, thermoelastic damping and anchor losses can be minimized to the point where material losses limit the maximum achievable quality factor. At microwave frequencies, phonon-phonon damping is the dominant energy loss mechanism in micromechanical resonators. Silicon carbide is an attractive material for high-Q resonators since it has the lowest known phonon-phonon damping [12] [13] . The quality factor in a resonator is defined as the ratio of the energy stored to lost energy per cycle; therefore by increasing the number of the cycles stored in a low loss material such as SiC compared to a higher loss material such as AlN, a higher resonator Q is expected:
This concept has been demonstrated in HBARs, where many cycles are stored in a thick low loss substrate [10] [11] . The highest f×Q product in an acoustic resonator was previously demonstrated in an AlN-on-sapphire HBAR with a f×Q product of 1.1×10 14 [10] . In LOBAR, the Q is defined lithographically and it is proportional to the length of the resonator or the number of stored wavelengths. Since the density, acoustic velocity, and modulus of SiC and AlN are roughly equal, the approximate resonator Q is:
where L SiC and L AlN are the lengths of the SiC and AlN films, and Q SiC and Q AlN are the quality factors of the films at the desired frequency. The resonance frequency of the resonating structure is defined lithographically by selectively patterning the interdigitated electrodes on AlN to excited the length extensional mode:
where, E eff and ρ eff are the effective Young's modulus and mass density of the composite SiC-Ti/TiN/Al-AlN-Al stack and L r is half the acoustic wavelength of the resonator (2× Al finger width). The length and number of top electrodes determine the insertion loss of the resonator. Using an acoustic velocity of 11.3km/s for the resonator film stack, at 3GHz the length of the region with AlN (L AlN ) is 3.76µm for two top electrodes and 7.52µm for four top electrodes. At 3GHz, the quality factors of AlN and SiC are estimated to be 8000 and 200,000 respectively; the total Q of the LOBAR then depends on the length of the SiC film.
), which is a measure of conversion efficiency between the acoustic and electric domains in piezoelectric materials, is an important figure of merit for design of micromechanical resonators and filters. To maximize coupling of acoustic wave into SiC and minimize spurious modes, the film thicknesses of the piezoelectric stack and silicon carbide should be optimized. Figure 2 shows a COMSOL simulation of the displacement mode shape of a 36µm SiC lateral overtone resonator with four top electrodes, demonstrating the effect of adding additional wavelengths in the SiC film. The amplitude of displacements along the x-direction in Fig.1 is maximum in the center of the LOBAR, which is directly underneath the AlN transducer. The effect of adding blocks of SiC on the Q of the lateral overtone resonator was investigated by adding half wavelengths onto both ends of the resonator. To maintain a constant frequency, while increasing the Q through overtoning, blocks of 2.1µm corresponding to λ/2 in SiC were added to each side of the resonator. The quality factor, calculated by the ratio of peak stored energy to timed average power dissipation, increases from ~10,000 to ~30,000 by adding 12 blocks of SiC. Due to the low loss nature of SiC, the resonator impedance remains essentially unchanged as Q is increased by adding overtones (Fig.3) . As additional blocks of SiC are added at the end of the resonator, the separation between the series and parallel resonant peaks (f s and f p ) decreases, which results in a lower electromechanical coupling coefficient, k t 2 . The coupling coefficient decreases from 0.3% for an 8µm resonator to ~0.1% for a 33.2µm resonator. 
FABRICATION PROCESS
The silicon carbide lateral overtone resonators were fabricated in a six mask process (Fig.4) . Starting with a high resistivity bulk silicon substrate (ρ≈10kΩ-cm), a 1 µm thick layer of silicon carbide film is deposited in a low pressure chemical vapor deposition (LPCVD) system. A chemical mechanical planarization step (CMP) is used to reduce the surface roughness of the SiC film. The silicon carbide is then patterned and etched to a depth of 0.5µm. Next a 1.2 µm thick tungsten film is deposited and polished to define the tungsten (W) electrical contact plugs. A Ti/TiN/Al (20/50/50 nm) bottom electrode for the piezoelectric resonator transducer is deposited and patterned followed by the sputter deposition of 200 nm of aluminum nitride (AlN) (Step a). Contacts to the bottom electrode are etched through the AlN stopping on the W plugs (Step b). A 100 nm thick top electrode Al layer is sputtered and patterned (Step c). The AlN is patterned and removed from the overtone resonator delay line areas (Step d). A 0.5µm low temperature oxide is then deposited as a hard mask and patterned to define the SiC resonating structure. The SiC film is then etched using a reactive ion etch process (RIE) resulting in nearly vertical sidewall (Step e). The oxide hard mask is removed and devices are released by removing the silicon substrate in an isotropic, dry XeF 2 etch (Step f). High quality, low stress thin SiC membranes are required to form lithographically-definable high-Q resonators. The sharp resonances in the Fourier Transform Infrared Spectroscopy (FTIR) absorbance spectrum indicate a highly oriented film. The X-Ray diffraction analysis of the LPCVD SiC on silicon indicates a peak at 35.6°, which corresponds to formation of cubic silicon carbide (3C-SiC (111)). The very narrow line width (FWHM<0.35°) is indicative of a highly textured film. The SiC films used in this work exhibited an as-deposited residual tensile stress of less than 150MPa. The quality factor of SiC resonators is also highly dependent on the surface roughness of the polySiC film. The as-deposited poly-SiC film has an average surface roughness of 14.4nm, which was reduced to less than 5nm after the CMP step. A scanning electron microscope (SEM) image of a fabricated and released LOBAR is shown in Fig.4 . This resonator has 140 added overtones, resulting in a length of 320µm. The AlN film in the center piezoelectric transducer stack has an area of 7.52x75µm, and the Al top electrodes are each 0.94x72µm. The bottom electrode is self aligned to the AlN layer and connected to the four ground pads (GND) in Fig.5 . 
EXPERIMENTAL RESULTS
The LOBAR in Fig.5 was measured using a standard two port method and a standard on-chip SOLT calibration. The wide span two port impedance response of the resonator extracted from its transmission response in Fig.6 shows the peaks corresponding to the higher order harmonics of the SiC length extensional resonance transduced by the piezoelectric AlN layer. Figure 7 shows the two port impedance and phase response of the resonator at 2.9325GHz. The quality factor of this resonator calculated from both the slope of the phase response (80rad/MHz) and the 3dB bandwidth (25kHz) of the two port transmission response is ~117,300. Multiple resonators on different dies and wafers were measured with a Q exceeding 70,000 at a frequency of ~2.9GHz. The discrepancy between the Q of the resonators across the wafer is mainly due to the surface roughness of the SiC film. Figure 8 shows the quality factor versus number of half wavelengths (n×λ/2). The SiC resonator with a length of 8µm has a Q of ~540; increasing the length of SiC to 320µm increases the Q by 200× to greater than 100,000 (Fig.8) . Figures 9 and 10 show the quality factor and frequency versus temperature for the SiC LOBAR with 140 added overtones. The quality factor has a T -4 dependence on the temperature, demonstrating operation in the Landau-Rumer regime [14] [15] . The ultra high Q of these resonators makes them good candidates for on-chip temperature sensing and frequency compensation [16] . Temperature stability of micromechanical resonators is a critical factor for oscillators and frequency sources. The uncompensated overtone resonator has a TCF of ~-15ppm/C°. By using passive temperature compensation methods such as an oxide layer or an on-chip integrated heater the TCF of SiC LOBAR resonator can be further reduced [17] . 
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CONCLUSIONS
We have demonstrated a SiC lateral overtone bulk acoustic resonator with an AlN piezoelectric transducer, which was fabricated in a CMOS-compatible micromachining process. The resonator performance was optimized using finite element analysis. The resonator 
TCF≈-15ppm/°C
dimensions are defined lithographically, allowing for multifrequencies and multi-bandwidths on the same chip. These results demonstrate that the SiC LOBAR with f×Q products exceeding 3×10 14 is an ideal candidate for on-chip spectrum analysis, low noise oscillators, signal processing, communication, and sensing applications.
